SUMMARY The long-term decline in the incidence of the neural tube malformations, anencephaly and spina bifida (ASB), ended in the mid-1950's in New York State. Since that time, the rate of these birth defects has remained between 1 and 1.5/1000 births. In this low incidence population, we tested the basic tenets which support a genetic aetiology. We found that the full sib recurrence rate (1.8%) was higher than the half sib recurrence rate (0. 8%) and the twin concordance rate (6.8%) was higher than the full sib recurrence rate. We found the incidence of ASB in twins to be the same as the incidence of ASB in singletons. Our findings are compatible with polygenic inheritance aetiology for ASB. The genetic molecular pathway of these birth defects may be identifiable through biochemical screening of families with one or more ASB children.
Our composite view of the epidemiology and genetics of anencephaly and spina bifida (ASB) has been synthesised from a large assortment of studies done primarily in American and British populations. Within this composite are a number of troublesome inconsistencies which present obstacles to the development of a comprehensive aetiological hypothesis. For example, one major study suggested that ASB twin concordance (both twins affected) is less frequent than recurrence among full sibs (Yen and MacMahon, 1968) while several other studies find no noteworthy deficiency in concordant twin pairs (Gittelsohn and Milham, 1965; Naggan, 1971; Carter and Evans, 1973) . Another important inconsistency among genetic data indicates that the recurrence rate in half sibs (children with one parent in common), or at least in maternal half sibs, is as great as the recurrence rate in full sibs (Yen and MacMahon, 1968) . In theory, the recurrence rate should be less among half sibs (McMahon and Pugh, 1970) . Paradoxical obser7 vations such as these need to be explained before a comprehensive aetiological hypothesis can evolve.
One of the most significant recent changes in our understanding of the aetiology of ASB is the retrospective discovery that an epidemic of ASB occurred during the first half of this century in the northeastern United States (MacMahon and Yen, 1971) and in Britain (Rogers and Morris, 1971 ). Many of the important early inheritance studies included data from Received for publication 15 June 1977 the time of the epidemic, but these studies were done before we were aware of the epidemic's existence. Therefore, a number of earlier studies which provided the descriptive genetic data on ASB had been inadvertently conducted during a time when environmental factors had a major influence on its occurrence. Our report is an attempt to present an adjusted view of the genetics of ASB in the light of the epidemic. The (Hay, 1971 (Gittelsohn and Milham, 1965) . Twin pairs which the birth record identified as concordant were checked through the medical record department of the certifying hospital. This verification procedure caused the reclassification of one twin pair which had been incorrectly classified as concordant on the original birth record.
Results

INCIDENCE
The time limits of the epidemic must be established retrospectively from the changes in the secular rate of ASB. In New England, MacMahon and Yen concluded that the epidemic reached its peak at about 1930, with a rate of 7 cases of ASB per 1000 births, and had ended in 1950 when the rate had reached a level of 2 to 3 per 1000 (MacMahon and Yen, 1971) . In New York, the rate continued to decline until about 1955. In the last two decades (1955 to 1974) the rate has remained in the range of 1 to 1-5 per 1000. During that period the rates of anencephaly and spina bifida have remained approximately equal and parallel (Janerich, 1973a ).
The precise end of the epidemic is difficult to recognise or estimate. In relative terns, the post-1955 rate tends to be stable and appears to be approaching a baseline level of about 1 case of ASB per 1000 births, and the rapid rate changes which characterised the epidemic had clearly disappeared by 1955. Therefore, it seems reasonable to assume that the epidemic had ended in New York State sometime during the early to mid-1950's.
FULL SIBS
We identified a total of 1037 full sibs for our 628 index cases. Nineteen of these sibs were affected ( Table 1) . The percentage of affected sibs was the same whether the index case had anencephaly or spina bifida (1.8%). Sibs born before the index case were more frequently affected than subsequent sibs. A higher rate among prior sibs agrees with recent findings from a neighbouring population in the northeastern United States (Holmes et al., 1976) . In both studies the recurrence risk among subsequent sibs of an ASB index case was less than 2%, and this implies that the chance of ASB recurrence in this part of the world is 1 in 50 instead of 1 in 20 (5%) which is traditionally quoted and is based primarily on British studies.
In addition to our study and the other recent study (Holmes et al., 1976) , one family study (Yen and MacMahon, 1968) , and two epidemiological cohort studies (Janerich, 1972; Janerich, 1973b) All 4 concordant twin pairs in our study were like-sex. One pair in which the male was anencephalic and the second member described as a macerated stillbirth reported as female has been excluded. In simple recurrence terms, among these 59 twin pairs we found 4 co-members affected. Four out of 59 is a recurrence risk of 6-8%, which is substantially higher than the 1.8% recurrence risk among full sibs. Assuming that some portion of our like-sex twin pairs are monozygotic, the concentration of concordant twin pairs among the like-sex group is consistent with a genetic aetiology-probably polygenic. Using the Hardy Weinberg estimate for statistical assessment of zygosity indicates that 52% (31 out of 59) of our twin pairs are monozygotic. Our findings do not agree with the earlier report which found a deficit of concordant pairs among twin pairs affected with ASB (Yen and MacMahon, 1968) . Table 4 is a summary of recurrence, or concordance, among twins, full sibs, and half sibs from the four major studies in which data for each sib type were given for a single population. The incidence of ASB in each population differs, and we have characterised each population according to its incidence rate. Data were reported from Wales (Carter et al., 1968) where the incidence rate tends to be high (7.5/1000). The New England data (Yen and MacMahon, 1968) spanned the second half of the epidemic and the early post-epidemic period and has been characterised as an epidemic pattern. Data reported from London (Carter and Evans, 1973) where the rate of ASB was 2.9/1000 and is intermediate or moderate. Our own data from New York, where the rate was 1.3/1000 has been characterised as low.
POPULATION GENETICS
Although the characterisation of these rates is arbitrary, the ranking of the populations into these categories seems reasonable according to our conventional understanding of the range and variability in ASB incidence rates. Alterations in the sex ratio of anencephalics during the Birmingham epidemic prompted one investigator (Leck, 1972) to refer to the sex ratio as a 'labile' characteristic of ASB. This same term might also be used to describe ASB full sib recurrence risk which usually appears to be 10 times the population incidence (Blyth and Carter, 1969) . In a very broad sense, the genetic mechanism underlying ASB seems to be rendered labile by an adverse environment. For example, high rates of ASB are associated with a deficiency of concordant twin pairs; but there is no deficiency of twin pairs under more favourable environmental conditions. When the rate of ASB becomes low or perhaps when it reaches a genetically endemic level, the mechanism(s) responsible for ASB and twinning tend to coexist in a genetically predictable fashion.
Nance's cytoplasmic gene hypothesis (Nance, 1969 ) and Knox's twin fetus hypothesis (Knox, 1974) , do not provide an explanation for this labile genetic mechanism. The Nance hypothesis depends on maternal inheritance for ASB, but maternal inheritance seems to play a primary role only during epidemic circumstances. A cornerstone of the Knox hypothesis is a deficiency of ASB concordant twins, but in our data we found no deficiency of concordant twin pairs. Our twin data are also difficult to reconcile with the hypothesis that high rates of ASB are the result of lowered levels of early fetal loss (Roberts and Lloyd, 1973) because it seems reasonable to assume that concordant twin pairs would be more vulnerable to early loss, yet, in our population with its low rate, we find a high proportion of concordant twin pairs. Our data indicate that the basic cause of ASB is a polygenic, inherited mechanism whose expression is radically modified by adverse environmental conditions. The data presented here suggest that the environmental elements which produce rates above this assumed baseline level must interfere with the genetic molecular pathway. We suggest that the next logical step to understanding the aetiology of ASB is extensive biochemical screening of high risk families.
At present, direct identification of'the' controIling genetic loci seems unlikely because we know too little about the molecular pathway. If one accepts polygenic inheritance as the underlying cause of ASB, it implies that at some baseline level these malformations are unavoidable byproducts of inheritance within a genetically heterogeneous population. Though the literature contains a few suggestions about possible areas for biochemical screening (Hibbard and Smithells, 1965; Wilson and Vallance-Owen, 1966; Gal et al., 1972; Janerich, 1974; Smithells et al., 1976) , any recommendation limiting the scope of biochemical screening programmes would be premature. The findings of future familial biochemical studies must be interpreted in relation to the incidence of ASB for that specific population.
